Gene-for-gene resistance in plants is
Introduction
Solanaceae, a family of flowering dicot plants, likely derived the name from the Latin word sol, sun, because the flowers of the most prominent genus in this family, Solanum, resemble the sun and its rays. The family includes some prominent crops such as potato (Solanum tuberosum), tomato (S. lycopersicum), pepper (Capsicum spec.) and aubergine (S. melongena). Like all other plants solanaceous plants are attacked by a wide range of pathogens including oomycetes, viruses, bacteria, fungi, nematodes and insects like white fly and aphids leading to significant crop losses (Strange and Scott, 2005) . In response to these attackers, passive and active defence mechanisms have evolved. Active defence responses can be subdivided into adaptive and innate immunity. Adaptive immunity in plants appears to be restricted to antiviral defense responses depending on an RNAi like mechanism (Voinnet, 2005) . The innate immune system is more general and responds to a wide variety of plant pathogens. Innate immunity relies on specialized receptors that can be roughly divided into two groups: the Pathogen or Pattern Recognition Receptors (PRRs) and the Resistance (R) proteins. PRRs recognize Microbe-or PathogenAssociated Molecular Patterns (MAMPs/PAMPs) that are often a part of highly conserved molecules shared between microorganisms of the same class (Nürnberger et al., 2004; Zipfel and Felix, 2005) . PRRs allow plants to recognize distinct invaders using a limited set of receptors (Zipfel and Felix, 2005; Chisholm et al., 2006) . In contrast to PRRs, R proteins respond to molecules (called avirulence proteins or elicitors) that are generally not conserved between species or even between isolates of a given pathogen. Accordingly, R proteins are encoded by large gene families, numbering several hundreds of genes per genome (Meyers et al., 2003) . Because of the one-to-one relationship between a plant R gene and the matching avirulence (Avr) gene in a pathogen, this type of immunity was called 'gene-for-gene' resistance (Flor, 1942) . Resistance mediated by R proteins is often associated with the appearance of localized cell death at the infection site, a phenomenon called the hypersensitive response (HR). This is distinct from the resistance response mediated by PRR receptors, as these generally do not induce an HR response upon pathogen recognition (Jones and Dangl, 2006) . In this review, we provide an overview of the R genes that have been cloned from the Solanaceae.
We describe the encoded proteins and their predicted structures. Furthermore, we discuss the current data available on the intra-and intermolecular interactions of R proteins from Solanaceae in the context of other model systems. The interaction patterns together with the identified downstream signalling components provide new insights into R protein function and downstream signalling. 
R protein classification
Currently, over 55 R genes have been cloned from different monocot and dicot plant species ((Martin et al., 2003) and references in Table 1 ). Although R genes confer resistance to very different pathogens, the encoded proteins share a limited number of conserved elements. Based on these domains R proteins can be classified into five classes (Figure 1 ). The vast majority contains a central Nucleotide-Binding (NB) subdomain as part of a larger entity called the NB-ARC domain, which is present in the human apoptotic protease-activating factor 1 (APAF-1), R proteins, and the Caenorhabditus elegans homolog CED-4 (van der Biezen and Jones, 1998). Cterminal to the NB-ARC domain lies a leucine-rich repeat (LRR) domain, which is sometimes followed by an extension of variable length. Hence, this group is collectively referred to as NB-LRR proteins. These NB-LRR proteins are divided into two classes on the basis of their N-terminal region. If this region shows homology to a protein domain found in the Drosophila Toll and human Interleukin-1 Receptor (IL-1R), it is called the TIR domain (Whitham et al., 1994) and the proteins are referred to as TIR-NB-LRR or TNL proteins (TNL class). Since some non-TIR proteins contain predicted coiled-coil structures (CC) in their N-terminal domain, non-TIR NB-LRR proteins are collectively referred to as CC-NB-LRR or CNL proteins (CNL class).
Phylogenetic analyses of the NB-ARC domains of NB-LRR proteins revealed separate clustering of TNL and CNL proteins. This suggests co-evolution of the Nterminal and NB-ARC domains and is indicative for an ancient segregation of these two classes providing an extra basis for the subdivision of NB-LRR R proteins (McHale et al., 2006) . All NB-LRR proteins are believed to act intracellularly. A more limited number of R proteins acts extracellularly and they contain a predicted extracellular LRR (eLRR) domain at their N-terminus. This eLRR is connected via a transmembrane domain to a variable cytoplasmic C-terminal region. When the cytoplasmic domain contains a protein kinase domain the R protein is placed in the RLK class, that of Receptor-Like Kinases. If no such domain is present it is placed in the RLP class, that of Receptor-Like Proteins. The last class represents a rest group of R proteins that cannot be placed in any of the first four classes.
Besides the genes that have been isolated and confirmed to function as R gene, numerous R gene homologues have been identified in genome sequencing and annotation programs. In Arabidopsis, TNLs form the largest group of NB-LRR proteins (Meyers et al., 1999) , whereas this class is absent in monocots (Meyers et al., 1999; Pan et al., 2000) . This difference could reflect differences in host/pathogen co-evolution in mono-and dicots. The majority of solanaceous NB-LRR proteins belongs to the CNL class (Table 1) , whereas only three TNLs have been identified: the tomato Bs4, the potato Gro1-4 and the tobacco N gene conferring resistance to Xanthomonas campestris, Globodora rostochioensis and Tobacco Mosaic Virus (TMV), respectively (Table1). The RLP class contains the tomato Cf and Ve proteins that confer resistance to Cladosporium fulvum and Verticillium albo-atrum, respectively (Kawchuk et al., 2001; Rivas and Thomas, 2005) . The two Ve proteins differ from the Cf proteins by the presence of a putative C-terminal endocytosis signal (Kawchuk et al., 2001) . No R proteins that belong to the RLK class have yet been identified in the Solanaceae. Except for the rice Xa21 gene, this group is made up of PRRs: the Arabidopsis EF-tu and flagellin FLS2 receptors (Gomez-Gomez and Boller, 2000; Chinchilla et al., 2006; Zipfel et al., 2006) and the tomato LeEIX (Ron and Avni, 2004) . Tomato Asc1 has been placed in the rest class since it does not encode a 'typical' R protein involved in gene-for-gene resistance: resistance to Alternaria alternata is brought about by reduced sensitivity to the AAL mycotoxin rather than by specific recognition of the pathogen (Brandwagt et al., 2000) .
Avr proteins and R protein-mediated recognition
It seems ill-considered for a pathogen to disclose its presence to a plant by secreting Avr gene products that are recognized by an R protein. Naturally, Avr genes did not evolve to serve this purpose and indeed evidence accumulates that many Avrs are virulence factors (Jones and Dangl, 2006) . Plant pathogenic bacteria deliver approximately 15-30 proteins into host cells using a specialized type III secretion system (TTSS) (Buttner and Bonas, 2006) . Whether these effectors suppress or trigger host defence depends on the host being attacked (Vinatzer et al., 2006) . (Salmeron et al., 1996) AvrPto, cleave specific host proteins (Shao et al., 2002; Axtell et al., 2003; Shao et al., 2003; Kim et al., 2005b) . For recent reviews on bacterial effectors we refer to (Mudgett, 2005; Abramovitch et al., 2006; Grant et al., 2006) .
AvrPtoB
Less is known on fungal effectors. Four Avr genes have been cloned from the fungus Cladosporium fulvum (Table 1) , which all encode small cysteine-rich extracellular proteins found in the tomato apoplast. Avr2 acts as a protease inhibitor (Rooney et al., 2005) , while Avr4 binds to chitin present in fungal cell walls, thereby protecting it from degradation by plant chitinases (van den Burg et al., 2006) . The function of the remaining C. fulvum Avrs remains unresolved but they probably exert their function extracellulary (Joosten and De Wit, 1999; Thomma et al., 2005 (Kamoun, 2006) . This motif might be the signal for uptake into the host cell from the extrahaustorial space.
Based on the existence of monogenic resistance against animal pathogens such as nematodes and insects, the latter are also predicted to contain Avr genes Williamson and Kumar, 2006 et al., 2003) and the TMV p50 helicase with the NB-ARC-LRR part of the tobacco N protein (Ueda et al., 2006) . The latter interaction, however, was not found by others using in vivo pull-down assays (Peart et al., 2005; Mestre and Baulcombe, 2006) , or rather an indirect interaction was detected (Caplan et al., 2008 ; also see below). A direct interaction was recently proposed for the Bs4 / AvrBs4 pair (Schornack et al., 2006) since AvrBs4 has a tetratricopeptide repeat (TPR)-like structure also found in the I-2 interacting protein phosphatase 5 (PP5) (de la Fuente van Bentem et al., 2005) .
Since most bacterial Avrs probably act as effector proteins that target host cellular components, R proteins might sense the presence of an Avr protein by monitoring the state of the host target. This indirect interaction model is called the guard hypothesis (Van der Biezen and Jones, 1999; Dangl and Jones, 2001) . Although a guard that waits until its guardee is killed may seem a bit odd, this theory has gained support. The best studied example of modification of a host target by Avrs, resulting in R protein activation, is the phosphorylation or cleavage of Arabidopsis Rin4 protein by AvrB, AvrRpm1 and AvrRpt2, respectively (Mackey et al., 2002; Kim et al., 2005b) . These events trigger activation of the NB-LRR proteins Rpm1 and Rps2.
Also, the cleavage of the Pbs1 kinase bound to Rps5 by the avrPphB protease, thereby triggering Rps5 activation, supports the guard hypothesis (Shao et al., 2003) . Milligan et al., 1998a; Vos et al., 1998; Nombela et al., 2003) . Mi-1.2 mediated resistance to nematodes is accompanied by an HR, while an HR is not observed in the interaction with whitefly and the potato aphid (Williamson, 1999) . A mutant screen identified Rme-1, which is unlinked to Mi-1.2, but is required for Mi-mediated resistance against all three pathogens. As Rme-1 is not involved in other R gene pathways and acts upstream (or at the same step) of Mi-1.2 in the signalling cascade, it is a candidate for the Mi-1.2 guardee (Martinez de Ilarduya et al., 2004) .
However, cloning of the Rme-1 gene is needed to confirm that Rme-1 functions as the Mi-1.2 guardee.
Based on the few examples for direct and indirect Avr perception it cannot be concluded at this stage whether there is a prevalence for one over the other. During evolution, R protein recognition specificities are likely to be generated at random, some targeting Avr products directly, and others recognizing host factor modifications. The group targeting Avrs directly can relatively easily be overcome by mutations in the Avr protein that abolish the interaction, but not its virulence function.
Resistance based on indirect recognition is (at least theoretically) more difficult to overcome, since mutations avoiding recognition will also affect virulence.
Structural features of R protein domains
As described above, R proteins can be classified based on their protein domain architecture. 
The Leucine-Rich Repeat domain
The LRR domain is the only domain present in all R proteins listed in Table 1 repeats (Rivas and Thomas, 2005) . R protein eLRR domains, unlike the LRR domains in NB-LRR proteins, have many putative N-linked glycosylation (NGS) sites in the exposed regions. For Cf-9, the NGS sites in the C1 have been shown to be essential for Cf-9 function, whereas introduction of NGS sites in the C3 disrupts its function . Another unique feature of eLRRs is the presence of N-and C-terminal 'capping' domains. For the small tomato eLRR protein LRP, these capping domains were shown to form disulphide bonds that are necessary to protect the eLRR from proteolysis (Kolade et al., 2006) .
The NB-ARC domain
The recently published crystal structures of the NB-ARC domains of APAF-1 and CED-4 revealed that the NB-ARC domain consists of clearly distinguishable subdomains. Besides the NB subdomain, the NB-ARC of APAF-1 contains three additional subdomains (ARC1-ARC3) that form a four-helix bundle, a winged-helix fold and a helical bundle, respectively . Subdomain ARC3 is absent in plant R proteins and CED-4, but ARC1 and ARC2 are conserved ( Figure   2 ) (Yan et al., 2005; Albrecht and Takken, 2006) . 
ATP hydrolysis by NB-ARC domains
In APAF-1, binding of cytochrome c results in hydrolysis of ATP by the NB-ARC domain, followed by replacement of the formed ADP by ATP (Kim et al., 2005a) . ATP hydrolysis and nucleotide exchange are both essential to produce the activated state.
Like APAF-1, CED-4 requires ATP binding for function. However, hydrolysis or nucleotide exchange has not been observed for CED-4 (Yan et al., 2005) . consists of a parallel five-stranded -sheet, five -helices, and connecting loops. The loop between ß2 and 2 contains several highly conserved surface-exposed residues that are important for receptor signalling by recruiting interacting proteins (Xu et al., 2000) .
CNL proteins often contain a predicted coiled-coil domain ( -helix-rich domain that contains seven-residue repeat sequences). In Table 1 A recent sequence analysis has revealed a short conserved motif in the middle of the short CC. The nT motif was originally described due to its high conservation in monocot CC-NB-LRRs (Bai et al., 2002) . This motif is less conserved in dicots but a core EDVID motif can be identified in many but not all CC-NB-LRR proteins and is one of the few motifs that can be identified as being broadly conserved across the CC domains of NB-LRRS of different families of plants (Rairdan et al., 2008) . This EDVID motif was proven to be required for Rx function, due at least in part to its requirement for an intra-molecular interaction involving the CC domain (Rairdan et al., 2008) .
R protein domain functionality and interplay
As detailed above, R proteins are composed of several (sub)domains that appear to function consecutively during signal perception. In this section we address the 1 is a Ser/Thr kinase related to Pto (Zhou et al., 1995) . Interestingly, Pti-4, -5 and -6 turned out to be ethylene responsive transcription factors that bind specifically to the GCC box in the promoter regions of a large number of genes encoding 'pathogenesis-related' (PR) proteins (Zhou et al., 1997; Gu et al., 2002) . associates with RAN, a Ras-related small GTPase that has an important function in nucleo-cytoplasmic trafficking and is part of a nuclear cargo-importing complex at the nuclear envelope (Rose et al., 2004; Meier, 2006) . In mammalian cells this complex is involved in the translocation of receptor-Hsp90-immunophilin complexes. The TPR-containing immunophilins (such as PP5) are required to link the heteromeric complex to a motor protein (such as dynein) for directional movement along microtubules towards the nuclear pores (Pratt et al., 2004) . Interestingly, two components of the nuclear pore complex, the importin alpha homologue MOS6
(AtImp 3) and a nucleoporin 96 homologue MOS3-1, were recently identified in a suppressor screen to be required for the SNC1 phenotype (Palma et al., 2005; Zhang and Li, 2005) . SNC1 is an ectopically activated NB-LRR protein that triggers constitutive activation of defence signalling (Zhang et al., 2003) . A mos3-1 single mutant is compromised in both basal resistance and R protein mediated resistance (Zhang and Li, 2005) .
Together, the data above imply that some R proteins may require nuclear localization for their function and could be directly involved in transcriptional regulation. Until now, To find interactors for the membrane-spanning R proteins, the RLP class of R proteins, the cytoplasmic tail of Cf-9 has been used as bait in yeast two-hybrid screens. A thioredoxin homologue, CITRX (Cf-9 Interacting ThioRedoxin) was identified in this way as a negative regulator of Cf-9/Avr9 mediated cell death and defense responses (Rivas et al., 2004) . Silencing of CITRX in tomato and N.
benthamiana resulted in an accelerated Cf-9/Avr9-triggered HR accompanied by the induction of defense-related genes (Rivas et al., 2004) . This interaction seems to be Cf-9 specific as no interaction was found in in vitro pull-downs with the related Cf-2 protein and Cf-2 function was not affected upon CITRX silencing (Rivas et al., 2004) .
Recently, the protein kinase ACIK1 (Avr9/Cf-9 Induced Kinase) was shown to interact with CITRX (Nekrasov et al., 2006) . Intriguingly, silencing experiments suggested that this protein is a positive regulator of Cf-9/Avr9 function and is required for full Cf-9 disease resistance (Rowland et al., 2005) .
Partners in R protein signalling
As detailed above, the fishing expeditions for R protein interactors thus far yielded only small numbers of components possibly involved in R protein signalling. In contrast, forward genetic screens using virus-induced gene silencing (VIGS) have been highly successful and identified a relatively large number of candidate genes. A VIGS screen of 2400 cDNAs from a normalized Nicotiana benthamiana cDNA library revealed that Pto-dependent HR was compromised in 3% of the cases (del Pozo et al., 2004) . In a similar VIGS screen using 4992 cDNAs, HR was compromised in 1.6% of the cases (Lu et al., 2003) . Alternative screens were performed with custommade libraries made from cDNA-AFLP fragments that were selected based on their differential expression pattern upon Avr perception. To identify genes involved in Cf-4/Avr4-dependent HR, 192 cDNA-AFLP fragments were selected that are differentially expressed upon expression of an Avr4 transgene. These fragments were subsequently used for VIGS in N. benthamiana and twenty of them were found to correspond to genes required for Cf-4/Avr4 mediated HR (Gabriëls et al., 2006) . A similar approach using Cf-9/Avr9 induced genes resulted in the identification of four genes out of the tested 43 that affect Cf-9 mediated HR (Rowland et al., 2005) . 
Model for R protein function
Based on the data above a "generalised" model for the function of NB-LRR R proteins can be proposed (Figure 3 ). In the resting state R proteins are autoinhibited, and the NB-ARC domain interacts with both the LRR and the CC or TIR domains.
This complex is molded and/or preserved in a signalling competent state by its interaction with the chaperone Hsp90 and one or more co-chaparones such as Sgt-1, 
